Abstract Blood pressure variation was investigated among populations inhabiting islands and peninsula of Middle Dalmatia, Croatia. The number of previous anthropological studies pointed to isolation and different genetic population structure in this environmentally fairly homogeneous area. Variation in blood pressure (systolic and diastolic) among the populations of the islands of Brac v , Hvar, Korc v ula, and the Peljes v ac peninsula was assessed at three levels involving village populations, regional (western and eastern) populations and the entire island populations. The blood pressure data were collected from 3834 adult individuals inhabiting 37 rural communities and were adjusted for age and body mass index. Variation in blood pressure levels existed among regions and villages. Due to the history of differential settlement, small village sizes and high levels of reproductive isolation, the observed blood pressure variation could be attributed to founder effect, genetic drift and inbreeding. The involvement of genetic factors was tested by relating blood pressure variation among villages to degree of isolation among them. Blood pressure means and proportions of hypertensives increased with endogamy levels in males. In females, this effect could not be observed. However, in both sexes the highest proportions of hypertensives (more than 40%) were found in villages that are most reproductively closed (endogamy greater than 80%). These populations are considered particularly promising for further genetic epidemiological research.
Introduction
Both genetic and environmental components are involved in normal blood pressure variation in humans. Genetic origin, dietary habits, obesity, physical activity, and stress have been described as important factors that interact in a complex way (Siervogel, 1983; Vogler et al., 1997) . Specific genetic mechanisms underlying phenotypic blood pressure (BP) variation still have to be identified. To this end, most of the efforts have been focused at the extreme phenotypes, specifically hypertension, due to its recognized health significance. It is believed that for common complex diseases such as hypertension, the continuous spectrum of variation has to be studied rather than limiting studies to affected individuals (Blangero et al., 2000) .
B e c a u s e o f t h e i r g e n e t i c a n d e n v i r o n m e n t a l heterogeneity, populations from very different global regions have been of particular interest for studies of BP variation (e.g. Darlu et al., 1990; Dressler, 1995; FlemingMoran et al., 1991; McGarvey and Schendel, 1986; Pollard et al., 1991; Province et al., 1990; Reddy, 1998; Zerba et al., 1990) . Its genetic basis has often been inferred from the s ituations where populations with different hereditary backgrounds were found in the same biotope (Baker, 1997; James and Baker, 1995) . Controlling for environmental variation theoretically decreases the residual variance of a quantitative phenotype which enhances genetic inferences. Use of population isolates that share the common biotope leads to the increased p os s i bi li ty o f detec ti ng gene ti c r i s k fa ct or s fo r hypertension (Terwilliger and Göring, 2000) .
The purpose of the present study is to examine v a r i a t i o n i n B P a m o n g r e p r o d u c t i v e l y i s o l a t e d populations of Middle Dalmatian islands and peninsula. The Croatian islands provide relatively homogeneous environment for their inhabitants. It is hypothesized that, if differences among the populations have genetic background, variation in BP levels should be related to the degree of their isolation. BP means are expected to increase or decrease with greater endogamy due to fixation of founder genes responsible for raised or decreased BP phenotypes. If so, the extremely closed populations with high BP means will be identified as possible candidates for future studies of genetic risk factors for hypertension.
Materials and Methods

Sample
The Middle Dalmatian islands are located in the Adriatic Sea and belong to the region of South Croatia. Since the early 1970's, the Dalmatian population system h as b e e n s u b je c t t o e xt e n s i v e a n t h r o p o l o g i c a l investigations from both biological and cultural aspects with the aim of clarifying processes in its biological and cultural history responsible for population differentiation (Rudan, 1972 (Rudan, , 1980 Rudan, Angel et al., 1986) . The environmentally homogeneous islands of Middle Dalmatia experienced differential migration throughout the history and consequently various degrees of reproductive isolation among its subgroups (Rudan et al., 1992 (Rudan et al., , 1994 . They are clearly differentiated today in the scope of cultural (linguistic), biocultural (surnames and m i g r a t i o n p a t t e r n s ) , a n d b i o l o g i c a l v a r i a b l e s (anthropometric, dermatoglyphic, odontometric, radiogrammetric, physiological, serogenetic, DNA) (Janićijević et al., 1994; Jovanović et al., 1984; Martinović et al., 1998; Rudan, Roberts et al., 1986; Rudan, Angel et al., 1987; Smolej Naranc v ić, 1995 , 1996 Sujoldz v ić, 1997; Tolk et al., 2000, inter alia) .
One of the important determinants of the variation in the area is the differentiation between the western and eastern regions of the islands which corresponds to the historic and current migration patterns. Considerable variation exists at the level of villages within each region and points to the still existing reproductive isolation among their small populations (Rudan, S v imić et al., 1987; S v imić and Rudan, 1990; Waddle et al., 1998) . Its strength is highlighted by the results of migration, isonymy and assortative mate choice analyses (Jovanović et al., 1984; Barać et al., 1999; Roguljić et al., 1997; Rudan, Angel et al., 1987; Sujoldz v ić, 1988 Sujoldz v ić, , 1993 S v poljar-Vrz v ina, 1994). They have shown that less than 10% of the parents of current inhabitants were born outside the islands, the level of endogamy amounts to more than 75%, the coefficient of inbreeding (from isonymy data) is as high as 40% in some villages, and the coefficient of kinship reaches 10%. Additionally, the mtDNA analyses suggested extremely reduced genetic diversity in some villages (Tolk et al., 2000) .
This study comprises 37 village populations located on the islands of Brac v , Hvar and Korc v ula, and the peninsula of Peljes v ac. The names of the villages as well as the sample sizes are listed in Table 1 . Maps of the area and location of the studied villages are presented by Rudan et al. (1994 ), Smolej Naranc v ić (1996 ), and Waddle et al. (1998 . A total of 3834 adult subjects (1776 males and 2058 females) were examined, aged 19 to 80 years. The individuals were randomly sampled from voting registries and the response was 95% and over. The sample comprised 22.6% of the total adult population of the examined villages. According to the geographic and ethnohistoric criteria, the village populations of each island and peninsula were grouped into western (W) and eastern (E) population groups. Thus, eight regional samples were formed. In order to achieve maximum standardization in terms of environmental influences, only rural populations were studied and urban centers were not considered. The research project (No. 019601) was approved by the Ministry of Science and Technology of the Republic of Croatia and all subjects gave their informed consent to participate in the study.
Measurements
The data used in this paper are a subset of the extensive material on various cardiorespiratory and anthropometric traits of the Middle Dalmatian island populations, collected beween 1978 and 1987 during six field studies. The examinations were carried out in local health centers and dispensaries either in June or in September between 6 am and 12 am. BP, stature and body mass were measured according to the IBP protocols (Weiner and Lourie, 1969) . Each of the two data sets, anthropometrics and BP, was measured by three members of the research team of the Institute for Anthropological Research, Zagreb (medical doctors) who overlapped in the surveys on the islands. Inter-and intraobserver biases were not formally treated.
Statistical design and analyses
Village populations nested within the western and eastern regions which are then nested within the islands provided a quasiexperimental nested design by which differences in BP among populations could be examined. The analyses were carried out (1) for 8 regional populations nested within 4 islands, and (2) for 37 village populations nested within eight regions. The analytic strategy was: (1) to test the contribution of age and body mass index to variation in systolic and diastolic BPs among villages, regions and islands; (2) after appropriate a d j u s t m e n t f o r t h e e f f e c t s o f t h e s e b i o l o g i c a l concomitants, to examine the distribution of means of systolic and diastolic BPs among villages, regions and islands; (3) to examine the relationships of mean systolic and diastolic BPs with endogamy at the level of villages, ignoring their regional or island membership; and finally (4) to examine the relationships of proportions of hypertensives with endogamy at the level of villages, ignoring their regional or island membership.
Data processing was performed using the SPSS/PC system (version 9.0). The null hypothesis of no differences in mean age and body mass index (BMI, body mass [kg]/stature 2 [m 2 ]) among village populations within and among western and eastern regions and islands was tested using the nested analysis of variance (Neter et al., 1985) . The model was defined as
where Y ijk is the phenotype of the k-th individual in the jth village and i-th western or eastern region, µ.. is the grand mean, α i is the effect of the i-th region, β j(i) is the effect of the j-th village in the i-th region, and ε k(ij) is the error term associated with the k-th individual in the j-th village and ith region. This model was also used at the level of western and eastern groups nested within the islands.
The relative contribution of variation in age, age 2 and BMI to variation in systolic and diastolic BPs in each population was studied using multiple regression method (Neter et al., 1985) . The null hypothesis of homogeneity of the regression on concomitants among populations within and among western and eastern regions and islands was tested using the analysis of covariance (Neter et al., 1985) . Systolic and diastolic BPs were adjusted for concomitants by regressing them on age, age 2 and BMI for each sex separately and adding the grand means of BPs back to the respective residuals. The adjusted systolic and diastolic BPs were used in further analyses.
The null hypothesis of no differences in mean systolic or diastolic BP among villages within and among western and eastern regions and islands was tested using the previously defined model of nested analysis of variance. The null hypotheses of homogeneity of variances in adjusted systolic and diastolic BPs were tested using the Levene's tests for homogeneity of variances.
Spearman correlation was used to test the null hypothesis of no differences in ranks of mean systolic and diastolic BP, proportion of hypertensives in the village and level of village endogamy.
Hypertensives were classified according to the WHO (1993) criteria of systolic BP >= 160 mmHg and/or diastolic BP >= 95 mmHg. It shoud be noted that the adjusted values of BPs were considered here. The village endog amy was calc ulat ed as the product of th e percentage of mothers and fathers whose offspring still inhabit their birthplace. The data were taken from the previos reports on migrational characteristics of the village populations studied presently (Jovanović et al., 1984; Rudan, Angel et al., 1987; Sujoldz v ić, 1988) .
Results
Grand means of the studied characteristics are given in Table 2 . Results of the nested analysis of variance comparing concomitants among regional groups within and among the islands are presented in Table 3 . There were no differences in means of concomitants among the islands (except for BMI in females) but there were significant differences among regional populations. It would have extended the paper considerably if all the descriptive data were presented in tables. It should be mentioned briefly that the regional differences related specifically to western and eastern populations on the islands of Brac v and Hvar. Both western populations were younger and had greater BMI values. On Peljes v ac, only male populations differed but the western population was older with lower BMI.
Comparisons of means of concomitants among villages within regional groups are presented in Table 4 . There were significant differences among villages within Brac v -East and Hvar -East regions for both concomitants and for both sexes. Some differences were also observed among villages within other regions but they were not consistent.
Descriptive statistical data of unadjusted systolic and diastolic BPs are available upon request. Contributions of the concomitants to variances of BPs are presented in Table 5 . The proportion of variability in BP explained by age, age 2 and BMI is gteater in females and for systolic BP. Concomitants played significant role in determining interindividual variability of BPs in all regional p o p u l a t i o n s . S l o p e s o f r e l a t i o n s h i p s b e t w e e n concomitants and systolic and diastolic PBs were homogeneous among the eight regional populations.
Results of the nested analysis of variance comparing means of adjusted systolic and diastolic BPs among regional groups within and among the islands are presented in Table 3 and Figures 1 (for males) and 2 (for females). There were no differences in mean BPs among the islands, but there were significant differences among regional populations. Comparisons of means of adjusted BPs among villages within the regional groups indicated that there were significant differences at the village level (Table 4 and Figs. 1 and 2) . The villages within Brac v -West region differed in both BPs of both sexes. This group had the largest range of village means but no village stood out consistently from the others. Among significant differences within the other regions that showed some consistency there were differences within the Hvar-West region for systolic and diastolic BPs of females and those within the Korc v ula-East region for systolic BP. Village 17 (Vrisnik) within Hvar-West was the outlier with high values of both female BPs. It is notable that those means were above 95 and 160 mmHg. Within Kor_ula-East the outliers with high values of systolic BPs were villages 27 (Pupnat) and 30 (Z v rnovo). Comparisons of variances of adjusted systolic and diastolic BPs among villages within the regions are presented in Table 6 . The variances were homogeneous in both sexes.
Ignoring the island or regional group memberships, the village means of systolic and diastolic BPs were related (Spearman's correlation) to village endogamy. The correlations were additionally computed for the proportion of hypertensives in the village (Table 7) . were significantly correlated with endogamy in males.
Means of BPs as well as the proportions of hypertensives
No correlations were significant in females. The relationships of the proportion of hypertensives to village endogamy are outlined by scatterplots (Fig. 3) 
Discussion
The most striking feature of this study was the remarkable variation in BP in the set of isolated and genetically diverse populations from Middle Dalmatian islands. It has been shown that the island effect was not a significant determinant of this variability, but the region-within-island and the village-within-region effects were. Clearly, the variation in BP existed at the level of regional p op ulations and a t the level of village populations. The finding adds weight to the suggestion that physiological genetic divergence occurs primarily at the village level. Smolej Naranc v ić (1996) has shown that minimum F ST for the set of cardiorespiratory variables (including BP) was considerably higher at the village level than at both the regional and island levels. Since the villages are quite small, it has been proposed that a large amount of between-village variability arised from founder effect, genetic drift and/or inbreeding. High endogamy levels observed in current Middle Dalmatian village populations, high levels of isonymous marriages as well as significant isolation by distance documented on the islands (Rudan et al., 1992 (Rudan et al., , 1994 Rudan, S v imić et al., 1987; Sujoldz v ić, 1993; S v imić and Rudan, 1990) were considered supportive to this assumption. I t is interesting to note that recent studies of mtDNA polymorphisms (Tolk et al., 2000) indicated extremely reduced genetic diversity within some villages and suggested that founder effect, genetic drift and/or inbreeding were the major mechanisms that shaped the current genetic structure on Dalmatian islands.
In a qua nti tati ve pheno typ e bo th geneti c a nd environmental factors are involved. At the regional level, which was found to be significant determinant of population subdivision, the contributions of age, age 2 , and BMI to variability in BPs were homogeneous which suggests that there is fair environmental homogeneity in the study area. Further, the variances of systolic and Table 1 ). Arrows represent means for regional populations. Table 1 ). Arrows represent means for regional populations.
diastolic BPs were homogeneous among villages which may also be related to homogeneity of environmental factors acting on BP within regions. The hypothesis of substantial homogeneity in environmental factors that influence BP phenotypes finds support in the results of earlier research. It pointed to comparable occupational and daily physical activity patterns, educational and economic levels and social standard (access to health care) among the rural populations of Middle Dalmatian islands (e.g. Rudan, Angel et al., 1987) . It has to be stressed that this study avoided populations of small towns and was limited to rural populations. Their Mediterranean lifestyle includes nutrition and dietary behaviors (including alcohol drinking) typical for the whole area that result in their satisfactory nutritional status (Smolej Naranc v ić and Z v agar, 2000). Finally, the size and geographic configuration of the area offer homogeneous physical-environmental conditions on the islands. Therefore, the environmental variation that could have biased the variation in BP should be Table 1 ).
considered minimal in this study. The relative involvement of genetic factors in BP variation among Dalmatian village populations has been evaluated by relating ranks of village BP means to village endogamy ignoring regional or island membership. Due to small population sizes of the villages, high endogamy levels indirectly imply high levels of inbreeding. The fact that inbreeding enhances fixation of genes should also apply to genes responsible for BP phenotypes. The outcome might be the increased rate of hypertensive individuals in the village which would affect the BP mean. Therefore, BP means are expected to increase or decrease with the increase of endogamy. The results confirmed this expectations in males. In an area of substantial environmental homogeneity, such a finding can be regarded confirmatory of genetic basis for the established BP variation.
An interesting finding emerges from the analysis of proportions of hypertensives in the villages. In both sexes, the highest proportions were found in the villages with enogamy level over 80%. (30) with 40-50% of older inhabitants were considerably younger. It is worth noting here that the adjusted values of BPs were used in the analysis which excluded age as the concomitant. This was confirmed by the the non-existing correlation of BP means and rates of hypertension with relative age of the villages. Therefore by virtue of being relatively old, the villages were not expected to have more hypertensives. Clearly all six villages mentioned before are interesting candidates for studying genetic risk factors for hypertension. There are some additional sex-specific outlying villages that might be interesting, like Vrisnik (17) in females.
In general, the presence of BP variation among the studied populations is most probably due to the underlying genetic variation. However, the existence of gene-environment interaction in quantitative phenotypes makes the interpretation of their separate contributions more difficult. Therefore, regardless of the general environmental homogeneity at the level of the Dalmatian island region, the future studies of the observed BP heterogeneity must include appropriate measures of individual environment exposures. The obtained results support recent papers by Rudan (1999) and Rudan et al. (1999) which concluded that the isolate Dalmatian island populations represent particularly promising resource for genetic epidemiological research.
